Oxidized nucleotides produced by oxidative stress cause DNA mutations and the production of abnormal proteins. Thus, mammalian cells have developed multiple MutT-type Nudix hydrolases that exhibit pyrophosphohydrolase activity toward oxidized nucleotides in the cytosol, mitochondria and nucleus. On the other hand, AtNUDX1 is the only MutTtype Nudix hydrolase in the cytosol of Arabidopsis plants.
Introduction
Reactive oxygen species (ROS) such as hydrogen peroxide (H 2 O 2 ), the superoxide radical (O À 2 ), singlet oxygen ( 1 O 2 ) and the hydroxyl radical are generated in the cells of animals and plants grown not only under oxidative stress, but also under optimal growth conditions. The excess production of ROS causes oxidative stress, which leads to various components in cells and organelles being oxidatively damaged as well as the depletion of antioxidants, production of nicked DNAs (singlebase DNA damage), oxidized proteins and ultimately necrotic cell death (Gutteridge and Halliwell 1989) . ROS have recently been identified as important signaling molecules that control the diverse signaling pathways involved in various cellular responses. ROS in plant cells have been shown to play multifaceted roles in programmed cell death (PCD), defense responses to biotic and abiotic stresses, morphogenesis, growth and hormone signaling (Foyer and Noctor 2005 , Kwak et al. 2006 , Torres et al. 2006 . To counteract ROS-induced damage and maintain accurate intracellular ROS levels as signaling molecules, plant cells have evolved several defense mechanisms that prevent or repair ROS-induced damage. Damaged DNAs need to be repaired promptly in order to prevent the loss or incorrect transmission of genetic information (Adachi et al. 2011) .
Oxidative stress causes the production of various types of oxidized purine and pyrimidine bases. Of these, , which is produced by the incorporation of 8-oxo-7, 8-dihydro-(2 0 -deoxy)GTP [8-oxo-(d) GTP] into DNA and RNA, or the direct oxidization of guanine bases, is the most abundant (Moriya and Grollman 1993) . 8-Oxo-G can form base pairs not only with cytosine but also with adenosine in an almost equal ratio, and induces base mispairing during DNA replication and RNA transcription, which causes AT to CG and GC to TA transversion mutations and the formation of abnormal proteins, respectively (Ames and Gold 1991 , Furuichi et al. 1994 , Sekiguchi and Tsuzuki 2002 . In addition, 2-hydroxy-2 0 -dATP (2-OH-dATP) can be incorporated into the nascent strand of DNA opposite guanine as well as thymine, which induces a GC to TA transversion mutation (Kamiya and Kasai 2000) .
Organisms are equipped with elaborate mechanisms to counteract such deleterious effects of oxidized nucleotides. To sanitize nucleotide pools in Escherichia coli, MutT-type Nudix (nucleoside diphosphates linked to some moiety X) hydrolase, which exhibits pyrophosphohydrolase activity towards both oxidized deoxyribonucleotide and ribonucleotide, 8-oxo-(d)GTP, plays a major role in preventing mutations caused by the misincorporation of 8-oxo-G into DNA and RNA Sekiguchi 1992, Taddei et al. 1997) . Furthermore, E. coli proteins encoded by Orf17 and Orf135 have hydrolase activity toward oxidized nucleotides, such as 8-oxo-(d)GTP and 2-OH-(d)ATP (Kamiya et al. 2003 , Hori et al. 2005 . Mammalian cells also contain multiple enzymes homologous to E. coli MutT, such as MutT homologs 1, 2 and 3 (MTH1, MTH2 and MTH3) and NUDT5 (Mo et al. 1992 , Sakumi et al. 1993 , Cai et al. 2003 , Ishibashi et al. 2005 , Takagi et al. 2012 . Human MTH1 (hMTH1) has both 8-oxo-(d)GTP and 2-OH-(d)ATP pyrophosphohydrolase activities and is localized not only to the cytosol, but also to the nucleus and mitochondria, which possesses its own genome DNA (Nakabeppu et al. 2004) .
In addition to the MutT-type enzymes, bacterial and mammalian cells possess enzymes that are involved in the base excision repair (BER) pathway, which removes bases from mispairing sites in DNA. An adenine DNA glycosylase (MutY homolog/MYH) and 8-oxo-G DNA glycosylase/lyase (OGG) were shown to be distributed in both the nucleus and mitochondria in mammals and are responsible for repairing the majority of cellular DNA damage (Boiteux and Radicella 1999, Chatterjee et al. 2006 ). These findings indicated that these enzymes function together in the organelles of mammals to maintain the high fidelity of DNA replication and transcription under oxidative stress.
We previously demonstrated that one of the Arabidopsis Nudix hydrolases, AtNUDX1 (At1g68760), was localized in the cytosol and acted in the hydrolysis of 8-oxo-(d)GTP (Ogawa et al. 2005) . In contrast to mammalian enzymes, in which multiple MutT-type enzymes are functional in the organelles, AtNUDX1 is the only MutT-type Nudix hydrolase that exists in Arabidopsis cells. In contrast, various BER enzymes have been detected in plants, similar to mammals. Arabidopsis possesses the bacterial MutM and mammalian OGG homologs, AtMMH and AtOGG1, respectively (Ohtsubo et al. 1998 , Dany and Tissier 2001 , Garcia-Ortiz et al. 2001 , Murphy and George 2005 , Chen et al. 2012 . Furthermore, a gene encoding the MutY homolog (At4g12740, designated AtMYH) has been registered in the Arabidopsis genome database. However, AtOGG1 was only localized in the nucleus (Chen et al. 2012) , while AtMMH and AtMYH were predicted to be localized in the nucleus and chloroplasts, respectively; no BER enzyme was detected in the mitochondria (Ohtsubo et al. 1998 , Yoshimura et al. 2003 . These findings suggested three possibilities: (i) defense systems in plants are inferior to those in mammals; (ii) unlike mammals, plants have unique defense systems against oxidized nucleotides; and (iii) plants positively utilize the oxidation of bases in genome DNA as a signaling cue to activate the other defense systems against the mutagenic consequences of oxidizing nucleotides for their survival. In this study, to clarify the physiological significance of the defenses against oxidatively induced DNA damage in plant organelles, we analyzed the effects of the ectopic expression of the human MutT-type Nudix hydrolase, hMTH1, in the cytosol, chloroplasts and mitochondria of Arabidopsis cells on tolerance to oxidative stress.
Results
Ectopic expression of hMTH1 in the cytosol, mitochondria and chloroplasts of Arabidopsis cells Unlike AtNUDX1, hMTH1 has pyrophosphohydrolase activity with high affinity toward not only 8-oxo-(d)GTP but also oxidized forms of (d)ATP, 2-OH-(d)ATP, which can be incorporated into the nascent strand of DNA opposite guanine as well as thymine, thus causing a G:C to T:A transversion mutation (Yoshimura et al. 2003) . Therefore, hMTH1 was used to enhance defense capacity against oxidatively induced DNA damage in plant organelles. In order to express the hMTH1 protein ectopically in the chloroplasts, mitochondria and cytosol of Arabidopsis cells, the transgene encoding the hMTH1 protein fused to the transit peptide (TP) of the tomato Rubisco small subunit (TP-rbcS)(chl-hMTH1: for chloroplast localization) and that of the Arabidopsis thioredoxin o1 (TP-TRX)(mit-hMTH1: for mitochondrial localization) and hMTH1 alone (cyt-hMTH1: for cytosolic localization) were transformed into Arabidopsis cells using Agrobacterium. The exogenous gene in the genome of the transgenic plants (T 3 generations) was verified by genomic PCR (data not shown). The expression of hMTH1 in the leaves of 2-week-old transgenic plants grown under normal conditions was confirmed by semiquantitative reverse transcription-PCR (RT-PCR) (data not shown). Western blot analysis using the monoclonal antibody raised against the hMTH1 protein revealed that the expression levels of hMTH1 were high in the cyt-hMTH1-11 and -15, mithMTH1-21 and -22, and chl-hMTH1-51 and -53 plants, whereas its expression was absent in the control plants (Fig. 1A) . The deduced molecular weights of chl-hMTH1 and mit-hMTH1, including the respective transit peptides were 23,755 and 26,390 Da, respectively. The molecular weight (approximately 18.0 kDa) of the bands detected not only in the cyt-hMTH1 plants, but also in the chl-hMTH1 and mit-hMTH1 plants, was consistent with the predicted value of hMTH1 without any transit peptide (17, 820 Da) . In addition, their subcellular localizations were verified using the cytosol, chloroplasts and mitochondria fractionated from the leaves of transgenic Arabidopsis plants (Fig. 2) . By Western blot analysis, the Rubisco large subunit (rbcL) and alternative oxidase (AOX) proteins as chloroplastic and mitochondrial protein markers, respectively, were mainly detected in the respective fractions. The hMTH1 protein in the cyt-, chl-and mit-hMTH1 plants was only detected in the cytosolic, chloroplastic and mitochondrial fractions, respectively. These results indicated that the hMTH1 protein was correctly transported into the chloroplasts and mitochondria of the chl-hMTH1 and mit-hMTH1 plants, respectively. It has been reported that the hMTH1 gene produces various types of hMTH1 polypeptides by alternative splicing events (Nakabeppu et al. 2004 ). hMTH1d, whose cDNA was used for this study, is the major form among the splicing variants and mostly localized in the cytosol with approximately 5% in the mitochondrial matrix and a lesser amount in the nucleus. This fact raises the possibility that the hMTH1 protein ectopically expressed in the cyt-hMTH1 plants is also localized in the nucleus to some extent and, therefore, we cannot rule out that the results obtained from the cyt-hMTH1 plants reflect the effect of ectopic expression of hMTH1 in not only the cytosol but also the nucleus. As described in the Materials and Methods, crude chloroplasts, mitochondria and the cytosol were isolated from Arabidopsis leaves (Fig. 2) . The crude chloroplast fraction was obtained by filtration of crude homogenate using Miracloth followed by centrifugation at 3,000Âg for 5 min and thus the fraction contained the nuclear fraction. In subcellular localization analysis of the cyt-hMTH1 plants ( Fig. 2) , no hMTH1 protein was detected in the chloroplastic and mitochondrial fractions. These facts suggest that the hMTH1 protein expressed in the cyt-hMTH1 Arabidopsis plant cells is not localized in the mitochondria and nucleus.
Pyrophosphohydrolase activity toward 8-oxo-dGTP was measured using crude extracts prepared from the transgenic lines expressing high and low levels of hMTH1. Activity levels in the cyt-hMTH1-11 and -32, mit-hMTH1-21 and -33, and chlhMTH1-43 and -51 plants were 1.50-to 4.75-fold higher than that in the control plants (Fig. 1B) . Plants expressing higher levels of the hMTH1, cyt-hMTH1-11, mit-hMTH1-21 and chl-hMTH1-51 lines were used for further analysis.
Effect of ectopic expression of hMTH1 on tolerance to oxidative stress
The growth and morphology of transgenic plants were almost the same as those of control plants throughout the growth period under normal conditions (data not shown). No significant difference was observed in the acquired thermotolerance by acclimation at 37 C for 1 h plus 2 h at room temperature, followed by the heat treatment with 44 C for 2.5 h (data not shown). However, the chl-hMTH1 and mit-hMTH1 plants had higher basal thermotolerance after heating directly to 44 C for 1 h than the cyt-hMTH1 and control plants ( ) and mitochondrial (Mit.) fractions were isolated from the leaves of control, cythMTH1, mit-hMTH1 and chl-hMTH1 plants. The hMTH1 protein was detected by Western blotting using a specific monoclonal antibody raised against the hMTH1 protein. The arrow indicates the hMTH1 protein (17.8 kDa) band without any transit peptide. The rbcL and AOX proteins were detected as chloroplastic and mitochondrial protein markers, respectively, using specific rabbit polyclonal antibodies.
when 1-day-old seedlings were placed on Murashige and Skoog (MS) plates containing 0.1 mM paraquat (PQ), a producer of H 2 O 2 and O À 2 , the chl-hMTH1 and mit-hMTH1 plants grew normally, whereas the growth of the cyt-hMTH1 and control plants was inhibited (Fig. 4) .
Under normal growth conditions, the levels of ion leakage in the leaves detached from all plants grown for 2 weeks were almost the same, while these levels were significantly lower in the leaves of chl-hMTH1 and mit-hMTH1 plants under heating (basal thermotolerance, 44 C) than in those of the cyt-hMTH1 and control plants (Fig. 5) . Similarly, the levels of ion leakage in the detached leaves of chl-hMTH1 and mit-hMTH1 plants treated with 50 mM PQ by spraying were significantly lower than those in the control plants. The levels in the cyt-hMTH1 plants under treatment with PQ tended to be low compared with those in the control plants, but none was statistically significant except for the value at 6 h after the treatment. Cell viability was measured by trypan blue staining ( Fig. 6; Supplementary  Fig. S1A ). The number of stained cells after heating was higher in the cyt-hMTH1 and control plants than in the chlhMTH1 and mit-hMTH1 plants. 3,3-Diaminobenzidine (DAB) staining revealed that H 2 O 2 levels after heating were lower in the leaves of mit-hMTH1 and chl-hMTH1 than in those of the cyt-hMTH1 and control plants ( Supplementary Fig. S1B ). Dead cells and H 2 O 2 were also abundantly detected in the leaves of cyt-hMTH1 and control plants, but not in those of the chl-hMTH1 and mit-hMTH1 plants after the PQ treatment ( Fig. 6; Supplementary Fig. S1 ). These results indicated that the tolerance of the mit-hMTH1 and chl-hMTH1 plants to heating and the PQ treatment was higher than that of the cyt-hMTH1 and control plants.
Effect of ectopic expression of hMTH1 on oxidative DNA damage under oxidative stress 8-Oxo-dG levels were increased in all plants after heating. However, no significant difference was observed in 8-oxo-dG levels between control and transgenic plants under the normal Fig. 4 Effects of ectopic expression of hMTH1 on tolerance to the PQ treatment. One-day-old seedlings from the control, cyt-hMTH1, mithMTH1 and chl-hMTH1 plants were placed on MS plates with or without 0.1 mM PQ and grown for 14 d under normal conditions. Fig. 3 Effects of ectopic expression of hMTH1 on tolerance to heating. To evaluate basic thermotolerance, 7-day-old seedlings from the control, cyt-hMTH1, mit-hMTH1 and chl-hMTH1 plants were exposed to heating at 44 C for 60 min. After the heat treatment, the plants were returned to normal conditions for 14 d. The phenotypes of the plants after the heat treatment (A, normal conditions; and B, heat treatment) are shown. and heating conditions ( Supplementary Fig. S2 ). On the other hand, the amount of poly(ADP-ribose), which reflected the intensity of the poly(ADP-ribosyl)ation (PAR) reaction, was significantly higher in the mit-hMTH1 and chl-hMTH1 plants than in the cyt-hMTH1 and control plants under oxidative stress caused by heating and PQ treatment (Fig. 7) . The intensity in the cyt-hMTH1 plants under treatment with PQ tended to be high, but not statistically significant, compared with that in the control plants.
A B
Recent studies demonstrated that heat stress induced several apoptosis-like characteristics and triggered PCD in plant cells (Vacca et al. 2006 , Zuppini et al. 2006 , Zhang et al. 2009 ). TUNEL [terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end-labeling]-positive cells reflecting generation of DNA fragmentation were observed in the leaves of the cyt-hMTH1 and control plants, but not in those of the mithMTH1 and chl-hMTH1 plants after heating for 3 h (Fig. 8) .
Discussion 8-Oxo-G, a predominant nucleic acid lesion induced by ROS, mediates mispairing during DNA replication and mRNA transcription, which leads to the spontaneous mutation of DNA and production of abnormal proteins, respectively, and ultimately causes cell death (Nakabeppu et al. 2010) . To combat the adverse effects of ROS on nucleic acids, organisms have evolved multiple repair pathways comprised of the sanitization enzymes of nucleotide pools and BER enzymes to counteract continuous damage (Britt 1996 , Wood 1996 Heat PQ Fig. 6 Effects of ectopic expression of hMTH1 on cell viability under heating and PQ treatment. Two-week-old control, cyt-hMTH1, mit-hMTH1 and chl-hMTH1 plants were exposed to heating (44 C) and PQ treatment (50 mM, by spraying) for 3 h. Viability was determined based on the numerical results of trypan blue staining ( Supplementary Fig. S1A ). The coloration area by trypan blue staining was detected by densitometer software and expressed as a percentage of 100% coloration obtained from the control plants without any treatment. Data are means ± SD for three individual experiments (n = 3) using plants grown independently. An asterisk indicates that the mean value was significantly different from that of control plants when analyzed by the Student's t-test (P < 0.05). Fig. 5 Effects of ectopic expression of hMTH1 on ion leakage under heating and the PQ treatment. Two-week-old control, cyt-hMTH1, mithMTH1 and chl-hMTH1 plants were exposed to heating (44 C) and PQ treatment (50 mM, by spraying) for the indicated period. The conductivity of the flotation solution of the leaves of treated plants was measured with a conductivity meter and expressed as a percentage of the conductivity values obtained with total cell lysis, which was achieved by boiling the samples. Data are means ± SD for three individual experiments (n = 3) using plants grown independently. An asterisk indicates that the mean value was significantly different from that of control plants when analyzed by the Student's t-test (P < 0.05).
2011). Regarding the sanitization enzymes of nucleotide pools, mammalian cells have multiple MutT-type enzymes, such as MTH1 and -2 as well as NUDT5, not only in the cytosol, but also in the nucleus and mitochondria (Yoshimura et al. 2003 , Ishibashi et al. 2005 , Nakabeppu et al. 2010 ). On the other hand, AtNUDX1 is only localized in the cytosol and is the sole MutT-type enzyme that eliminates oxidized nucleotides in Arabidopsis plants (Yoshimura et al. 2007 ). To clarify the physiological significance of eliminating oxidized nucleotides from plant organelles, we generated transgenic plants that Fig. 8 Effects of ectopic expression of hMTH1 on DNA fragmentation under heating. The conditions for heating were the same as those indicated in Fig. 6 . DNA fragmentation was detected in situ in leaf cells from the control, cyt-hMTH1, mit-hMTH1 and chl-hMTH1 plants after heat stress (44 C) for 3 h by TUNEL analysis. Control Fig. 7 Effects of ectopic expression of hMTH1 on the levels of poly(ADP-ribose) under heating and PQ treatment. Conditions for heating and PQ treatment were the same as those indicated in Fig. 5 . The levels of poly(ADP-ribose) in the control, cyt-hMTH1, mit-hMTH1 and chl-hMTH1 plants were determined by dot blot analysis using the anti-poly(ADP-ribose) antibody (Biomol). Data are means ± SD for three individual experiments (n = 3) using plants grown independently. An asterisk indicates that the mean value was significantly different from that of the control plants when analyzed by the Student's t-test (P < 0.05).
ectopically expressed hMTH1 in the cytosol, chloroplasts and mitochondria of Arabidopsis cells (Figs. 1, 2) . The tolerance of mit-hMTH1 and chl-hMTH1 plants to oxidative stress caused by heating and PQ treatment was higher than that of the control and cyt-hMTH1 plants (Figs. 3-6) . Moreover, the accumulation of H 2 O 2 and frequency of dead cells were suppressed in the mit-hMTH1 and chl-hMTH1 plants under stressful conditions ( Fig. 6; Supplementary Fig. S1 ). However, no significant difference was observed in 8-oxo-dG levels between the control and transgenic plants under normal and heating conditions (Supplementary Fig. S2 ). These results may have been due to the size of the organelle genome. Since the sizes of chloroplastic and mitochondrial genomes are known to be markedly smaller than that of the nuclear genome, the change observed in 8-oxo-G levels in the organelle genomes could have been masked in the nuclear genome (de Souza-Pinto et al. 2001 , Yoshimura et al. 2003 .
The enhanced tolerance to oxidative stress caused by the ectopic expression of hMTH1 in chloroplasts and mitochondria was similarly observed in transgenic plants overexpressing AtOGG1, which functions to eliminate 8-oxo-G from DNA in the nucleus (Chen et al. 2012) . Oxidative DNA damage was reduced and tolerance to oxidative stresses, such as PQ treatment, salinity and heating, was enhanced in transgenic plants. These findings suggest the influence of an enhanced defense capacity against oxidative DNA damage in plant chloroplasts and mitochondria on oxidative stress tolerance.
PAR is a post-translational modification that occurs in proteins in response to numerous endogenous and environmental genotoxic agents, and is important for the regulation of many cellular processes, such as DNA repair, cell death, stress response, chromatin functions and genomic stability (Herceg and Wang 2001) . Activation of the PAR reaction was previously shown to be involved in the repair of oxidative stress-induced single-strand breaks (SSBs) and double-strand breaks (DSBs) (Briggs and Bent 2011) . These repair reactions are achieved by factors relating to SSB repair, homologous recombination (HR) and non-homologous end joining (NHEJ) (Gibson and Kraus 2012) . A previous study reported that the activation of PAR due to the overexpression of a Nudix hydrolase with NADH pyrophosphohydrolase activity in Arabidopsis plants conferred enhanced oxidative stress tolerance (Ishikawa et al. 2009 ). The PAR reaction was activated in the mit-hMTH1 and chl-hMTH1 plants under heating and PQ treatment (Fig. 7) . The PAR reaction is known to lead cells either toward the repair of DNA or toward PCD, depending on the severity of the damage induced (Huber et al. 2004) . In mammals, the accumulation of oxidative damage in genomic DNA of either the nucleus or mitochondrion has been shown to cause apoptosis-like cell death (Oka et al. 2008 , Nakabeppu et al. 2010 . DNA fragmentation, which may be attributed to PCD induced by heat stress, was apparently suppressed in the mit-hMTH1 and chl-hMTH1 plants (Fig. 8) . These results suggest that the sanitization of oxidized nucleotides by the ectopic expression of hMTH1 in chloroplasts and mitochondria impacts on the repair pathway and subsequent induction of PCD. In other words, the accumulation of oxidized nucleotides and/or oxidized bases in chloroplasts and mitochondria may trigger PCD in Arabidopsis cells under oxidative stress. However, protection against oxidative damage to nucleotides and/or organelle genomes may activate the DNA repair system regulated by the PAR reaction in the nucleus, such that cells may even survive under severe stress conditions. Improving the defense mechanisms against oxidatively induced DNA damage in organelles could therefore provide a powerful strategy to enhance the tolerance of plants to the environmental stress. 
Materials and Methods

Plant materials and growth conditions
Plasmid construction and transformation of Arabidopsis
To analyze the effect of ectopic expression of hMTH1 in the chloroplasts and mitochondria of Arabidopsis cells, cDNAs encoding TP-rbcS (Miyagawa et al. 2001 ) and TP-TRX (Laloi et al. 2001) , respectively, were fused in-frame to the cDNA encoding the open reading frame of hMTH1 substituted for its initiation codon. The cDNAs encoding the TP from rbcS and TRX were amplified by RT-PCR using the following primer sets: tomato rbcS TP-F/KpnI, 5 0 -GGTACCATGG CTTCTTCAGTA-3 0 ; tomato rbcS-TP-R/BamHI-2, 5 0 -GGATCCCATGCAACTGA CTCT-3 0 ; mitTRX TP-F/KpnI, 5 0 -GGTACCATGAAGGGAAATTGG-3 0 ; and mitTRX TP-R/BamHI, 5 0 -GGATCCGAGGCTTCTCCGATG-3 0 (italics indicate sequences for the designated restriction enzyme). The cDNA encoding hMTH1, which was donated by Professor Yusaku Nakabeppu (Kyushu University), was amplified by PCR using the following primer sets: hMTH1-F/BamHI, 5 0 -GGATCC GGCGCCTCCAGGCTC-3 0 ;and hMTH1-R, 5 0 -CTAGACCGTGTCCACCTCGC-3 0 . The amplified fragments were inserted into the pZErO-2 vector (Invitrogen) at its EcoRV site and then cut by the respective designated restriction enzymes. The KpnI-BamHI fragment encoding the TP-rbcS and TP-TRX was fused inframe to the second codon of hMTH1 cDNA. The plasmids used to generate transgenic Arabidopsis plants ectopically expressing hMTH1 in the cytosol, chloroplasts and mitochondria were constructed using GATEWAY cloning technology (Invitrogen). The sequences of hMTH1 alone, TP-rbcS/hMTH1 and TP-TRX/hMTH1 were amplified by PCR using the following primer sets: attB1-hMTH1-F, 5 0 -AAAAAGCAGGCTATGGGCGCCT-3 0 ; tomato rbcS-TP-F/ attB1, 5 0 -AAAAAGCAGGCTATGGCTTCTT-3 0 ; mitTRX TP-F/attB1, 5 0 -AAAAA GCAGGCTATGAAGGGAA-3 0 ; and hMTH1-R/attB2; 5 0 -AGAAAGCTGGGTCTA GACCGTG-3 0 (italics indicate attB1/B2 sequences). The amplified fragment was cloned into the GATEWAY donor vector, pDONR201, and then recloned downstream of the Cauliflower mosaic virus 35S promoter of the destination vector, pGWB2, which was donated by Professor Tsuyoshi Nakagawa (Shimane University), by in vitro BP and LR recombination reactions according to the manufacturer's instructions (Invitrogen). The full-length green fluoresent protein (GFP) gene was used as a control. DNA sequences were confirmed using the ABI Prism 3100 Genetic Analyzer (Applied Biosystems).
Agrobacterium tumefaciens (strain C58), which was transformed with the obtained constructs by electroporation, was used to infect Arabidopsis via the vacuum infiltration method (Bechtold and Pelletier 1998) . T 1 seedlings were selected on basic MS medium in Petri dishes containing 3% sucrose, 20 mg l À1 hygromycin and 20 mg l À1 kanamycin for 2 weeks and then transferred to soil.
Homozygous T 3 seeds were harvested and used for the experiments.
Semi-quantitative RT-PCR analysis
Semi-quantitative RT-PCR analysis was performed as described previously (Ogawa et al. 2008) . Total RNA was semi-automatically purified from leaves of Arabidopsis plants using the QuickGene RNA cultured cell kit and QuickGene-Mini80 (FUJIFILM Corporation,). First-strand cDNA was synthesized using reverse transcriptase (ReverTra Ace; Toyobo) with an oligo(dT) primer. These analyses were performed according to the manufacturer's instructions. The specific primers used to amplify the cDNAs encoding cyt-hMTH1, mit-hMTH1 and chl-hMTH1 were as follows: hMTH1-
, rbcS-TP-F (5 0 -TCAGTAATGTCCTCAGCAGC-3 0 ) and hMTH1-R (5 0 -GAGTGTAGTCCAGGATGG-3 0 ). PCR amplification was performed for 20-30 cycles of 95 C for 60 s, 55 C for 60 s and 72 C for 60 s, followed by 72 C for 10 min. Equal loading of each amplified cDNA was determined using the control Actin2 PCR product.
Western blot analysis
Arabidopsis plants were ground to a fine powder in liquid nitrogen and then homogenized with extraction buffer containing 100 mM Tris-HCl, pH 7.5, 20% (v/v) glycerol and 1 mM EDTA. The homogenates were centrifuged at 15,000Âg for 10 min at 4 C, SDS loading buffer [150 mM Tris-HCl, pH 6.8, 4% (w/v) SDS and 10% (v/v) 2-mercaptoethanol] was added, and then the homogenates were boiled for 10 min. Appropriate amounts of the homogenates were subjected to SDS-PAGE [15% (w/v) polyacrylamide gel] analysis. In Western blot analysis, the gels were transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad) using an electroblot apparatus (model 200/2.0, Bio-Rad) at 13 V for 1 h. The hMTH1 protein was detected using a mouse monoclonal hMTH1 antibody (Santa Cruz Biotechnology) and anti-mouse IgG-horseradish peroxidase (HRP) conjugate (Bio-Rad) as the secondary antibody. The rbcL and the AOX were detected as chloroplastic and mitochondrial protein markers, respectively, using specific rabbit polyclonal antibodies (Agrisera, Vännäs, Sweden), and antirabbit IgG-HRP conjugate (Bio-Rad) as the secondary antibody. Protein bands were detected using the enhanced chemiluminescence detection system (GE Healthcare).
Isolation of crude chloroplasts and mitochondria from Arabidopsis leaves
Crude chloroplasts and mitochondria were isolated from Arabidopsis leaves. All procedures were conducted at 4 C. Arabidopsis plants were grown under short-day conditions [8 h of light (100 mmol photons m À2 s
À2
), 23 C/16 h of dark, 22 C] on soil. Leaves (30 g) were homogenized several times for 2-3 s in 300 ml of cold grinding buffer containing 0.33 M sorbitol, 50 mM Tricine-KOH (pH 7.5), 1 mM MgCl 2 , 2 mM EDTA and 10 mM NaCl. The homogenate was filtered through Miracloth and centrifuged at 3,000Âg for 5 min to isolate the crude chloroplast fraction. The resultant supernatant was centrifuged at 15,000Âg for 15 min to obtain the crude mitochondrial fraction. The supernatant was then used as a cytosolic fraction. The pelleted crude chloroplasts and mitochondria were washed once with grinding buffer and re-suspended in a small volume of the rupture buffer containing 25 mM Tricine-KOH (pH 7.5), 1 mM MgCl 2 , 5 mM NaCl and 0.5 % Triton-X. The protein concentration was determined by the BCA assay using bovine serum albumin (BSA) as a standard. Aliquots of fractions were subjected to SDS-PAGE and analyzed by Western blot analysis.
Assay of 8-oxo-dGTP pyrophosphohydrolase activity
The leaves (0.5 g) of Arabidopsis plants were homogenized with 1 ml of 100 mM Tris-HCl (pH 8.0) containing 20% glycerol. After centrifugation (20,000Âg) for 20 min at 4 C, the supernatant was used for analysis of the enzymatic activity. The 8-oxo-dGTP pyrophosphohydrolase activity was assayed according to a method described previously (Ogawa et al. 2005) . A 60 ml aliquot of the reaction mixture, containing 50 mM Tris-HCl (pH 8.0), 5 mM MgCl 2 , 50 mM 8-oxo-dGTP (TriLink BioTechnologies) and the extracts (<5.0 mg of protein), was incubated at 37 C for 10 min. The reaction was terminated by adding 10 ml of 100 mM EDTA. The mixture was then analyzed by HPLC using a COSMOSIL C18 column (4.6Â250 mm, Nacalai tesque) at a flow rate of 0.6 ml min À1 for the mobile phase buffer, which contained 50 mM KH 2 PO 4 , 5 mM tetrabutylammonium dihydrogen phosphate and 20% methanol. The substrates and their reaction products were detected according to the UV absorbance of 8-oxo-dGTP: 293 nm.
Stress treatments
In the basal thermotolerance test, 7-day-old seedlings were exposed to heat stress in a water bath at 44 C for 60 min, and then transferred to normal (longday) conditions. In the acquired thermotolerance test, 7-day-old plants were exposed to pre-conditioning heat treatment at 37 C for 1 h, incubated at 25 C for 2 h and then exposed to heating at 44 C for up to 2.5 h. After the heat treatment, these plants were returned to normal conditions for 14 d. To analyze the effects of the heat treatment in detail, 2-week-old control, cyt-hMTH1, mithMTH1 and chl-hMTH1 plants were exposed to heating (44 C) for 6 h under normal conditions. In the PQ treatment, 1-day-old seedlings were placed on MS plates containing 0.1 mM PQ and grown for 14 d under normal conditions. To analyze the effects of the PQ treatment in detail, 2-week-old plants grown under normal conditions were treated with 50 mM PQ by spraying for 9 h under normal conditions.
Ion leakage
Three leaf discs were placed into a cuvette containing 13 ml of distilled water, vacuumed for 30 min, and subjected to a surge for 3 h to measure the initial electronic conductance (S1) by a conductivity meter (ES-12, HORIBA). The cuvette was then heated in boiling water for 30 min and cooled to room temperature to determine the final electronic conductance (S2). The relative electrical conductivity (REC) was evaluated as follows: REC (%) = (S1/S2)Â100.
DAB staining
The in situ production of H 2 O 2 in Arabidopsis leaves was detected by an endogenous peroxidase-dependent staining procedure using DAB (ThordalChristensen et al. 1997 , Maruta et al. 2011 . Leaves were detached and placed in a solution of 1 mg ml À1 DAB (pH 3.8) for 8 h under light. The leaves were subsequently immersed in boiling 96% (v/v) ethanol for 10 min, then stored in 96% (v/v) ethanol and finally photographed using a digital camera.
Trypan blue staining
To monitor plant cell death and fungal growth, plant leaves were stained as described previously (Wi et al. 2010) . Leaf discs were immersed for 1 min in a boiling solution of 10 ml of lactic acid, 10 ml of glycerol, 10 g of phenol and 0.4% (w/v) trypan blue. After the plants had cooled to room temperature for 1 h, the solution was replaced with 70% (w/v) chloral hydrate. Stained plants were decolorized overnight and then photographed using a digital camera. The coloration area by trypan blue staining was detected using densitometer software (ATTO) and expressed as a percentage of 100% coloration obtained from the control plants without any treatment.
8-Oxo-dG contents in DNA
The measurement of 8-oxo-dG in genomic DNA was performed according to Yoshimura et al. (2007) with some modifications. Genomic DNA extracted from the leaves of Arabidopsis leaves was digested with nuclease P1 (SigmaAldrich Japan) and alkaline phosphatase (TAKARA). The amounts of deoxyguanosine (dG) and 8-oxo-dG in the DNA samples were analyzed using an HPLC-electrochemical detector (ECD) system: column, Luna 5 m C18 column (4.6250 mm, Phenomenex); UV absorbance, 290 nm (dG); ECD, 500 mV (8-oxo-G).
Poly (ADP-ribosyl)ation activity
The activity of PAR was quantified as described previously (Ogawa et al. 2008) . Protein (7.5 mg) extracted from Arabidopsis leaves was spotted onto a polyvinylidene difluoride membrane (Bio-Rad). The amount of poly(ADP-ribose) was detected using an anti-poly(ADP-ribose) antibody (Biomol) and antimouse IgG-HRP conjugate (Bio-Rad) as a secondary antibody. The quantitative intensity was determined by applying densitometry to video images of the blots (ATTO).
TUNEL staining
DNA fragmentation was detected using the TUNEL method, in which TdT incorporates fluorescein-12-dUTP on the 3-OH ends of fragmented DNA (TUNEL fluorescein). Thin slices of the leaf tissues were immersed for 1 h in 4% formaldehyde in phosphate-buffered saline (PBS). After being rinsed in PBS, the samples were treated with liquid nitrogen. The samples were then rehydrated and the TUNEL reaction was performed according to the manufacturer's protocol. Negative controls were conducted in the absence of the TUNEL enzyme. Prior to labeling, the tissue in the positive controls was incubated with DNase I (Roche) for 10 min at 25 C. The samples were examined under a fluorescence microscope (TUNEL fluorescein; Axiostar plus Carl Zeiss) equipped with a digital camera at an excitation of 488 nm and emission of 515 nm. Experiments were repeated three times with 10 slices per treatment.
Supplementary data
Supplementary data are available at PCP online.
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